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ABSTRACT: 

A transceiver element for controlling the phase of a microwave signal passing therethrough. The 
transceiver element includes a plurality of switching means arranged to steer a microwave 
frequency signal provided by a radar system through a nonreciprocal phase shifter to a phased 
array antenna during a transmit mode, and to steer a microwave frequency signal received by the 
phased array antenna through the nonreciprocal phase shifter to the radar system during a 
receive mode. The microwave frequency signal passes through the phase shifter in the same 
direction during both the transmit and receive modes. A set of control signals is fed to such 
switching means and the phase shifter of the transceiver element to provide collimated and 
directed beams of microwave energy during the transmit mode and the receive mode. 
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SPECIFICATION 

Transceiver el m nt 

5 This invention relates to antenna systems and more 
particularly to phased array antenna systems. 

As Is known in the art, an array antenna includes a 
plurality of individually radiating elements. In some 
systems the individual radiating elements are coupled 
10 to a transmitterthrough a transmitter element for 
controlling the phase and amplitude of the transmit- 
ted signal. Similarly, the individual radiating elements 
are coupled to a receiver through a receiver element 
for controlling the phase and amplitude of the 
15 received signal. In other systems the individual 

radiating elements are coupled to both the transmitter 
and receiver through a single element here referred to 
asatranceiverforcontrolling the phase and amplitude 
of both transmitted and received signals. The relative 
20 phase and amplitude of the microwave frequency 
signal passing between the plurality of radiating 
element and a corresponding plurality of individual 
transceiving elements are controlled to obtain a 
desired radiation pattern. The pattern obtained is a 
25 result of the combined action of all the individual 
transceiver and radiating elements. Many devices 
such as ferrite phase shifters are used to control the 
phase of the microwave frequency signal. Many of 
such phase shifters are reciprocal, that is, the phase 
30 shift of a signal passing through one of such devices is 
in dependent of the direction which the signal passes 
through. In some applications it is desirable to provide 
an active phase shifter to provide gain to a signal 
passing therethrough. Such a phase shifter is 
35 generally inherently non reciprocal. Thus, the use of an 
nonreciprocal phase shifter in a transceiver would 
require the use of two of such phase shifters. A 
developing trend in phased array antenna systems is 
toward production ofthe transceiver elements in 
40 monolithic integrated circuit form. This is desired in 
order to reduce cost and size factors generally 
associated with phased array antenna systems and to 
provide phased array antennas adapted for certain 
applications where size and cost are critical such as 
45 airborne or space based radar systems. 

In accordance with the present invention, a trans- 
ceiverfor coupling a microwave signal between an 
antenna element and a radar system, is provided. 
Such a transceiver includes a plurality of switching 
50 means arranged to steer a microwave frequency 
signal provided bythe radarsystem through an 
nonreciprocal phase shifter to the phased array 
antenna during a transmit mode, and to steer a 
microwave frequency signal provided from the 
55 phased array antenna through the nonreciprocal 
phase shifter to the radar syst m during a receive 
mode. The microwave frequency signal passes 
through the phase shifter in the same direction during 
both th transmitand receive mode. A set of control 
60 signals is fed to such switching means to control the 
ste ring ofthe microwave frequency signal between 
the radarsystem and the phased array antenna. With 
such an arrangement two signal paths through an 
activ nonreciprocal phase shifter are provided. This 
65 arrangement reduces the cost and size of the trans- 



ceiver element by permitting the use of a singl active 
nonreciprocal phase shift r. Further, since each ofthe 
elements ofthe transceiver elem ntmay be realized 
as monolithic microwave integrated circuits this 
70 structure results in a compact transceiver element, 
modular in form and less expensive to produce. 

The invention will now be described by way of 
example with reference to the accompanying draw- 
ings, in which: 
75 FIG. 1 isan overall blockdiagram of a radarsystem 
coupled to a phased array antenna system through a 
plurality of transceiver elements; 

FIG. 2 is a block diagram of one ofthe plurality of 
transceiver elements shown in Fig. 1 ; 
80 FIG. 3 is a block diagram of the transceiver element 
utilizing a five port switch; 

FIG. 4 is a block diagram of a transceiver using a dual 
channel phase shifter; 
FIG. 5 is a blockdiagram of a 4-bit nonreciprocal 
85 phase shifter; 

FIG. 6 is a diagrammatical view of a 1 80° phase shift 
increment stage of a 4-bit nonreciprocal phase shifter 
used in the one ofthe transceiver elements; 
FIG. 6A is an isometric view of a bias line and output 
90 line insulatedfrom each other with an airgap plated 
overlay; 

FIG. 6B is a cross sectional view of a parallel plate 
capacitor formed on the substrate; 
FIG. 7 is a block diagram ofthe phase shifterstage 
95 depicted in Fig. 5; 

FIG. 8 is a detailed schematic diagram ofthe phase 
shifterstage depicted in Fig. 5; 

FIGS. 9A-9D are plan views of pairs of transmission 
lines providing electrical pathiength differences used 
100 to realize a 4-bit phase shifter. 

FIG. 10 is a blockdiagram of a 4-bit dual channel 
phase shifter; 

FIG. 1 1 is a detailed schematic of one stage of a 
reciprocal phase shifter; 
105 FIG. 12 is a diagrammatical view ofthe stage of a 
dual channel phase shifter depicted in Fig. 1 1 ; 

FIG. 1 3 is a detailed schematic of an alternate 
embodiment of a four bit nonreciprocal phase shifter; 
FIG. Mis a blockdiagram ofthe nonreciprocal 
110 phase shifter of Fig. 13, including reciprocating 
switches; 

FIG. 15 is a detailed schematic diagram of a variable 
phase shifter utilizing a quadrature coupler. 
FIG. 16 is a plan view ofthe variable phase shifter 
115 shown in Fig. 15; 

FIG. 17 is a block diagram of one stage ofthe n-bit 
variable phase shifter shown in Fig. 16; 

FIG. 1 8 is a diagrammatical view of a bidirectional 
three port switch; 
120 FIG. 19 is a schematic diagram ofthe bidirectional 
switch shown in Fig. 18; 

FIG. 20 is a schematic diagram of a preferred field 
effect transistor FET used in the bidirectional switch of 
Fig. 18. 

1 25 Referring nowto FIG. 1 , a phased array antenna 10 is 
coupled to a radar system 1 1 by a feed network 1 4, as 
shown. The phas d array antenna 10 includ sa 
plurality of, here n, identical transmitter/receiver 
(transceiver) elements 12a-12n, coupled to a like 
130 plurality of corresponding antenna elements 26a-26n, 
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as shown. Thefeed network 14, h r a parallel feed 
n tw rk, provides a signal path for a microwav signal 
passing from the radar system 1 1 to the phased array 
antenna 10 for transmission to atarg t(not shown), 
5 and a signal path for reception of echo signalsfrom 
the target (not shown) to the radar system 1 1 . A 
plurality of control buses 29a-29n, 29a-29n are pro- 
vided from theradar system 1 1 . Signals on such buses 
29a-29n, 29a-29n are used to control the transceiver 

10 elements 12a-12n of the phase array antenna 10. The 
microwave signal from the feed network 14 is coupled 
to each of the transceiver elements 12a-12n, as 
indicated by the open arrows 1 3. The portion of 
microwave signal coupled to each one of the trans- 

15 ceiver elements 12a-12n is then coupled to the 

corresponding one of the antenna elements 26a-26n. 
Similarly, a portion of the microwave echo signal from 
the target is coupled to each of the antenna elements 
26a-26n, the corresponding transceiver elements 

20 12a-12n, andthefeed network 14as indicated by solid 
arrows 1 5, for processing by the radar system 1 1 . The 
control signals on buses 29a-29n, 29a-29n during the 
transmit modeallow the transceiver elements 26a-26n 
to produce collimated and directed beams of transmit- 

25 ted microwave energy and control signals on such 
buses during the receive mode allow such transceiver 
elements 26a-26n to produce collimated and directed 
beamsof received microwave energy. 
Referring nowto FIG. 2, a representative one of the 

30 transceiver elements 1 2a-1 2n, here transceiver ele- 
ment 12i is shown coupled, via a transmission line 33i, 
to a portion of the feed network 14 and to an antenna 
element26i, via a transmission line 35i, as shown. 
Transceiver element 12i here includes 50 ohm trans- 

35 mission lines 32a to 32h, four transmitter/receiver 
(T/R) switches 18a-18d, each having a common port 
20a-20d, a pairof branch ports 19a-19d and 21a-21d, 
and a control input 22a-22d. Each one of the control_ 
inputs 22a-22d is fed bya pairof control lines 29?,, 29i, 

40 of buses 29i, 29i. The T/R switches 1 8a-1 8d are here of 
a type to befurtherexplained in conjunction with Figs. 
18-19. Suffice itto say here, however, that com- 
plementary, binaryorlogical signals are fed to the 
control lines 29ii, 29i lf respectively, and such logical 

45 signalsareusedtocontrolthe electrical coupling 
between the common port and the branch ports. Thus, 
forexample, using an exemplary one of the T/R 
switches 18a-18d, here T/R switch 18a, such switch 
18a hascommon port 20a coupled to branch port 19a 

50 in response to a first pairof logical states of control 
signals fed to lines 291^291! i.e. a logical 1 on line29H 
and a logical 0 on line 29i, and such common port 20a 
is coupled to branch port 21 a in response to the 
complementary pair oflogical states of the control 

55 signals fed to line 29iv29h, i.e. a logical 0 on line 29i, 
and a logical 1 on line 29i v The common port20a of 
T/R switch 18a is coupled to the feed n twork 14, via 
thetransmission Iine33i, asshown. Branch ports 19a 
and 21a of T/R switch 18a ar coupled to branch ports 

60 19dand21b,viatransmissi n lines 32a and 32h, 
r spectively. Branch port 19b of T/R switch 18b is 
coupled to an ir put of a transmitter amplifier 24, via 
the transmission line 32d. The transmitter amplifier 24 
is her formed on a semi-insulating substrate, here a 

65 gallium arsenide (GaAs) substrate. Th outputof 



transmitter amplifier 24 is coupled to the branch port 
19c of T/R switch 18c, via transmission line 32e. The 
common port 20c of T/R switch 1 8c is coupled to the 
antenna element 26i, via transmission line 35i.The 

70 branch port21cof T/R switch 18cisc upledto an input 
ofthe receiver amplifier 28, via transmission line 32f. 
The receiver amplifier 28, here a low noise amplifier, is 
here formed on a semi-insulating substrate (here 
GaAs). The output ofthe receiver amplifier 28 is 

75 coupled to the branch port 21 d of T/R switch 18d,via 
transmission line 32g. The common port 20d of T/R 
switch 18d is coupled to theinput of an actrvephase 
shifter 40, herea nonreciprocal active phase shifter 
having a plurality of stages (notshown,to be 

80 described in detail in connection with Figs. 5,6 and 7), 
via transmission line 32b. Suffice itto say here, 
however, that each stage ofthe active phase shifter 
includes afield effect transistor suitably biased to 
providegain to the radio frequency signal passing 

85 through it Control signals for the active phase shifter 
40 are fed thereto, via buses 29i 2 , 29i 2 of bus 29i. The 
output ofthe active phase shifter 40 is coupled to the 
common port 23b of T/R switch 18b, via transmission 
line 32c. 

90 During a transmit mode, the transceiver element 1 2i 
couples a microwave frequency signal from the radar 
system 1 1 to the antenna element 26i. Atransmit 
signal path for coupling a signal from the radar system 
1 1 , via feed network 14, to the antenna element 26i is 
95 depicted in FIG. 2 by an open arrow 13, as shown. In 
the transmit mode, thecontrol signals on lines 29i v 
29i, are used to couple each one ofthe common ports 
20a-20dtothecorresponding branch ports 19a-19dof 
the respective T/R switches 18a-18d. Thus a portion of 

1 00 the microwave signal is coupled from the radar 
system 1 1 to the input of the active phase shifter 40. 
The active phase shifter 40 is here used to vary the 
phase shift of the applied microwave frequency signal 
by a predetermined amount in accordance with 

105 control signals on buses 29i 2 -29i 2 which are fed to a 
control input 42, ofthe active phase shifter 40. The 
microwave frequency phase shifted signal is then 
coupled to the input of the transmitter amplifier 24. 
The signal atthe outputof the transmitter amplifier 24 

110 is coupled to the antenna element 26i. 

During a receive mode, a portion of a received echo 
signal is coupledfrom the antenna element 26i to the 
radar system 11. A receive signal path for coupling the 
received echo signal from the antenna element 26i to 

115 the radar system 11 isdepictedin FIG.2bysolid 
arrows 1 5, as shown. During the receive mode the 
complementary logical states ofthe control signals 
previously on lines 29ii-29i, are nowfed to lines 29i v 
29h, and such signals are used to couple each one of 

120 the common ports 20a-20d to the branch ports 

21 a-21 d ofthe respective T/R switches 1 8a-18d. Thus 
the echo signal is coupled from the antenna element 
26itothereceiv r amplifier 28. Th signal atthe 
output ofthe receiv r am plifier 28 is coupled to the 

125 input ofthe active phase shift relement40. The signal 
passing through the phase shifter is again phase 
shifted in accordance with the contr I signals fed on 
buses 29i 2 -29i 2 .The phase shifted signal produced at 
theoutputoftheactivephaseshifter lem nt40is 

130 then coupled to the radar system 1 1, via the feed 
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network 14. Thus it is noted that the microwave 
frequency signal is coupled through the active phase 
shifter 40 in the same direction for both the transmit 
mode and the received mode. Thus, referring again to 
5 RG.l in a similar manner, each of the plurality of 
transceiverelements 12a-12n are used to couple a 
portion of a microwave signal between the radar 
system 1 1, via thefeed network 14 and the plurality of 
antenna elements 26a-26n, to produce in combination 
10 a collimated and directed beam (not shown) during 
thetransmitmodeand the receive mode. 

Referring now to FIG. 3 an alternative the embodi- 
ment of a transceiver element 1 2i' suitable for use in 
the phased array antenna 10 of FIG. 1 is shown 
15 coupled to a portion of thefeed network 14 and the 
antenna element 26i. Transceiver element 121' here 
includes a five port switch 3 1 0, the active phase shifter 
40, the transmitter amplifier 24, the receiver amplifier 
28, and the three port T/R switch 1 8c, as shown. The 
20 five port switch 310 is formed on a substrate, (not 
shown) here semi-insulating gallium arsenide (GaAs) 
having a ground plane (not shown) here plated gold 
formed on the bottom surface of the substrate. 
Formed in active regions on portions of the top surface 
25 of the semi-insulating substrate are FETs 50a-50d 
here GaAs FETs, each having gate electrodes 52a-52d 
(Fig. 3), a drain electrode 54a-54d and a source 
electrode 56a-56d. The gate electrodes 52a, 52d of 
FET's 50a, 50d, are connected to control line 29i v and 
30 the gate electrodes 52b, 52c of FET's 50b, 50c are 
connected to control line 29i 1# as shown. The FET's are 
here connected in a common (grounded) source 
configuration. The T/R switch 310 further includes 
transmission lines 60a-60f. Each transmission line 
35 60a-60f has an electrical length, corresponding to one 
quarter wavelength ( XJ4) t where A q is the wavelength 
of the corresponding nominal or operating center- 
band frequency (fj of the circuit The feed network 14 
is electrically connected to a first end 60a t of KJ4 
40 transmission line 60a and a first end 6QU of A</4 
transmission line 60a and a first end of 60f 1 of Ac/4 
transmission line 60f, via transm issio n line 33i. The 
drain electrode 54c of FET 50c is electrical ly con nected 
to a second end 60a 2 of KJ4 transmission line 60a. A 
45 first end 60b! of V4 transmission line 60b is electrical- 
ly connected to the second end 60a 2 of transmission 
line 60a and drain electrode 54c. A second end 60b 2 of 
\J4 transmission line 60b is electrically connected to 
the input port of the active phase shifter 40, via 
50 transmission line 32b and to a first end 60d T of\J4 
transmission line 60d. The second end 60d 2 of 
transmission line 50d is electrically connected to the 
output of the receiver amplifier 28 and to the drain 
electrode 54d of FET 50d. A second end 60f 2 of \J4 
55 transmission Iine60f is electrically connected to a first 
and 60ej of \J4 transmission line 60e, and drain 
electrode 54a of FET 50a. A second end 60e 2 of KJ4 
transmission line 60e is coupled to th output ofth 
active phase shifter 40, via transmission line 32c and 
60 to a first end 60c t of XJ4 transmission line 60c. A 
second end 60c 2 of hJ4 transmission line 60c is 
coupled to the input of the transmitter amplifier 24 and 
to the drain electrode 54b of FET 50b. The connections 
oftransmitter amplifier 24 and receiver amplifier 28 to 
65 T/Rswitch 18d a re the same, as explained above in 



conjunction with FIG. 2. 

During the transmit mod , as shown by the open 
arrows 13 a logical c ntrol signal n line 29h of bus29i 
is fed to th gate electrodes 52a, 52d of FETs 50a, 50d 
70 andthecomplementofsuch logical controlsignal is 
fed (via line 29h of bus 29i) to gates 52b, 52c of FETs 
50b, 50c. In response to such signals FET's 50a, 50d are 
placed in a conducting state and FET's 50b, 50c are 
placed in a nonconducting state. The \J4 transm is- 
75 sion lines 60d, 60e and 60f have ends SOd^ 60ei and 
60f 2 electrically connected to FET's 50a and 50b, as 
previously described. When FETs 50a, 50d are placed 
in a conducting state, a short circuit (low impedance 
path to ground designated by© is produced at the 
80 endseod^ 60ei and 60f 2 of transmission lines 60d-60f 
coupled to the FET's 50a, 50d. One quarter wavelength 
therefrom (at the second end 60d 1# 606^ and 60f t of 
each transmission line 60d-60f) the short circuits at 
ends 60Gb, 606!, 60f 2 appear as open circuits (high 
85 impedance paths to ground designated by® at ends 
60d v 60e 2 , 60f|,to a microwave frequency signal 
having a wavelength substantially equal to the 
wavelength of the corresponding nominal or center- 
band frequency of operation, for the transceiver. Thus, 
90 no signal path is provided during the transmit mode 
through line 60f and the transmitted energy passes 
through lines 60a and 60b. Further because end 60d, 
appears as an open circuit© the transmitted energy 
passes from line 60b through line 32b, through the 
95 phase shifter 40 and through line 32c. Since end 60e 2 
appears as an open circuit ©the transmitted, and now 
phase shifted energy passes through line 60c, trans- 
mitter amplifier 24, T/R switch 1 8c and to the antenna 
26i, as previously described in conjunction with FIG. 2. 
100 During the receive mode as shown bytheclosed 
arrows 15, the control signals on lines 29h, 29h are 
switched (or complemented) in logic state placing 
FET's 50a and 50d in a nonconducting state, and 
placing FET's 50b and 50c in a conducting state. The 
105 ends 60a 2 ,60b 1 , and 60^ of the XJ4 transmission lines 
60a, 60b and 60c which are coupled to the drain 
electrodes 54b and 54c of FET's 50b and 50d are thus 
coupled to ground and the other ends 60ai, 60b 2 , and 
60ch of the transmission lines 60a, 60b, and 60c 
110 present impedances corresponding to open circuits. 
Thus, a received microwave signal from antenna 
element 261 is coupled to the output of the receiver 
amplifier 28 as explained in conjunction with FIG. 2. 
The received signal is then coupled through transmis^ 
1 1 5 sion line 60d to the active phase shifter element40. 
The signal on the output of the active phase shifter 40 
is thus coupled to the radar system 1 0 throug h 
transmission lines 60e and 60f. 
Referring now to Fig. 4, an alternative embodiment 
120 of a transceiver, here transceiver 121" suitable for use 
in the phased array ant nna 10 of FIG. 1 is shown 
coupled to a portion of the feed network 1 4, via 
transmission line 33i and to the antenna element 26i, 
via transmission Iine35i, as shown. Transceiver 
125 element 12i" includes T/R switches 18a and 18c, 
transmitteramplifi r24,rec iver amplifier 28. Here, 
however, a dual channel active phase shifter 44 is 
provided. Dual channel active phase shifter44 has a 
plurality of cascade interconnected phase shifter 
130 stages here44a-44d of a type to be further described in 
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detail in conjunction with Figs. 10-12. The T/R switch 
18a has common port 20a coupled to the feed network 
14viatransmissionlin 33i. Branch ports 19a and 21a 
of T/R switch 18a are coupled t the input 47a of a first 
5 channel 47 and the output49b of a second channel 49 
of dual channel phase shifter 44, respectively, as 
indicated. The output 47b of the first channel 47 is 
coupled to the inputofthe transmitter amplrfier24, via 
transmission line 32b. The output of the receiver 

10 amplifier28iscoupledtothe input 49a ofthesecond 
channel 49, via transmission line 32e. The connection 
ofthetransceiver12rtoantennaelement26i(FIG.1) 
isas previously explained. 
During the transmit mode, as shown by the open 

15 arrows 13, in response to complementary control 
: signals on lines 29i 1 ,29i 1 a microwave signal fed to 
common port 20a from the radar system 11 is coupled 
to branch port 1 9a. Such signal from branch port 1 9a is 
coupled to the input 47a of the dual channel phase 

20 shifter 44. The signal is shifted in phase and coupled to 
the transmitter amplifier 24 and to the antenna 26, as 
previously described. During a receive mode, as 
shown by the closed arrows 1 5, in response to the 
complements of the previous control signals on lines 

25 29i 1f 29i the microwave signal fed to the common port 
20c from antenna 26i is coupled to the branch port 21 c 
andthistothereceiveramplifier28.Thesignalatthe 
output of the receiver amplifier 28 isfed totheinput 
49a of the phase shifter44. The signal shifted in phase 

30 isthen fed to theT/R switch 18a to the radar system 11, 
as previously described. 

Referring nowto FIG. 5, a single channel digitally 
controlled phase shifter 40 suitable for use in trans- 
ceiverelement 12i (Fig. 2) and transceiver element 12i' 

35 (Fig. 3) is shown to in elude a plurality of cascade 
interconnected stages 40a-40d with like parts of each 
stage being designated by the same numeral. An 
exemplary one of such stages 40a-40d, here stage 40a, 
is discussed in detail in conjunction with FIGS. 6-8. 

40 Referring nowto RG. 6, the phase shifter stage 40a is 
formed on a substrate 41 here GaAs having a ground 
plane 43, as shown. Referring also to FIGS. 7, 8 the 
phase shifter stage 40a includes a microwave trans- 
mission line 512, here having an impedance of 50 

45 ohms, coupled to an input impedance matching circuit 
513. Transmission line 512is here fed bya microwave 
frequency signal from transmission Iine32b (Fig. 2). 
Input impedance matching circuit 513 is here used to 
match the input impedance of the phase shifter stage 

50 40ato the characteristic impedance of the transmis- 
sion line 512. The input matching circuit 5 1 3, here 
includes a firsttransmission line section 51 4, having a 
reactance which is primarily inductive, coupled in 
shuntto the inputtransmission line section 512, via a 

55 bottom plate 526c of a capacitor 526. Bottom plate 
526c of capacitor 526 is coupled to one end of the 
shunt mounted transmission line section 514. The 
upperplat 518aofasec nd series connected 
capacitor 51 8 is c upled to line 51 6 and the bottom 

60 plate of 518 is coupled t ground by a via hole 51 8b, as 
shown. Ground pad 522 is coupled to ground by a via 
hole connection 522a. As shown in Fig. 6B, capacitor 
526 is formed on the top surface of the substrate 41 
here includes a top plate 526a which is coupled via an 

65 air bridge 526d to the strip conductor portion of a 



transmission lin 528. Aligned underthis top plate is a 
bottom plate 526c of evaporat dgoldf rmedohth 
substrate 41 . Th top plate 526a and bottom plated 
526c are separat d by a 5O00 Angstrom (A) layer 526b 
70 of silicon nitride (Si 3 N 4 ). The bottom plate 526chas a 
finger 526e (Fig. 6) which is used to connect the 
second circuit element, here transmission line section 
514, to the capacitor 526. The connection is provided 
bya metal to metal contact which couples to the 
75 bottom plate 526c. Asecond transmission line section 
516, here having a reactance which is primarily 
inductive is coupled to shunt between capacitors 518 
and 526. The connection of capacitor 51 8 to inductor 
section 51 6 provides the bias feed 520forthegate 
80 electrode. The input matching circuit513further 
includes the third transmission line section 528 here 
also having a reactance which is primarily inductive, 
connected between the junction of capacitor 526 with 
shunt mounted transmission line section 51 6 and a 
85 common input junction 532. The phase shifter stage 
40a further includes a FET switch 530 having a dual 
gate FET, 530a-530b, as shown. FET's 530a and 530b 
includefirst gate electrodes 532a-532b coupled to the 
common junction 532, second gate electrodes 534a, 
90 534b, separate drain electrodes 536a, 536b and 
separate source electrodes 538a, 538b. FETs 530a, 
530b are here connected in a common (grounded) 
source configuration. FET 530a, 530b are fabricated 
such that the gains and phases provided by each FET 
95 to signals fed to the gate electrode and coupled to the 
drain electrode are substantially equal. In other 
words, (S 2 i |a/ the fraction of power coupled to the 
drain electrode 536a or 530a from a signal on gate 
electrode 532a substantially equals, |S 2 i|b, the fraction 

100 ofpoweravailableatthe drain electrode 536b of FET 
530b from an incidentinputsignal provided signal 
gate electrode 532b of FET 530b. Similarly, ipS 2 i | a = *• 
S21 lb that is, the phases of the instantaneous power 
delivered to each drain electrode of FET 530a, 530b are 

105 substantially equal. Control gate electrodes 534a, 

534bare fed control signals on lines 29i 2a ,29i2a (Fig. 2h 
These control signals are used to control the coupling 
ofaninputsignalfedtothegateelectrode532a,532b 
to the corresponding drains 536a, 536b of FET's 530a, 

1 1 0 530b. High frequency components in the signals on 
control lines 29!^, 29i 2a are shorted to ground, via 
capacitors 527a, 527b. The drain electrodes 536a, 536b 
are electrically connected to identical impedance 
matching circuits 545a-545b, as shown. The matching 

1 15 circuit 545a (Fig. 8), here includes a firsttransmission 
line section 548a coupled in series between the drain 
electrode 536a and a coupling capacitor 552a. A 
second transmission line section 549a is coupled in 
shunt with the junction of the firsttransmission line 

120 section 548a, the bottom plate ofcapacitor 552a, and 
an upper plate of a dc blocking capacitor 544. The 
bottom plate of the dc blocking capacitor 544 is 
connect d to ground by a via hoi connection 544a 
(Fig. 6). The impedance matching circuit 545b is 

125 formed in a similar manneron the substrate 41 (Fig. 6) 
forthe drain lectrode 536b. The impedance matching 
circuit 545b includes a transmission line section 548b, 
a coupling capacitor 552b, and a second transmission 
line section 549b, coupled to the drain lectrode 536b 

130 in a similarmannerasthe corresponding elements of 
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impedance matching circuit 545a. The common c n- 
necti n f transmission line secti ns549a-549band 
the deblocking capacitor 544 provid sth bias feed 
546fordrain electrodes 536a, 536b. As sh wn in Fig. 
5 6A, the bias feed 542 here is insulated from the 
transmission line section 548b by a conventional air 
gap plated overlay. In general, such overlays are here 
used in all embodiments to insulate such crossing 
signal paths. The upper plates of coupling capacitors 

10 552a-552b of the impedance matching circuits 545a, 
545b respectively, are integrally formed with the strip 
conductor portion of transmission lines 554a and 553, 
respectively. Transmission line 554a has an electrical 
length which provides a phase shift <J> t + A<J> a to an 

15 input signal coupled thereto and transmission line 553 
has an electrical length which provides a phase shift of 
(p! to an inputsignal coupled thereto. Such pair of 
transmission lines 554a, 553 as shown in FIG. 9a and 
described in more detail hereinafter provides one path 

20 having an unique phase shift increment A<p a . Each 
second end of transmission line section 554a, 553 is 
coupled to a corresponding input port 565, 567 of a 
conventional three port coupler, which couples power 
from two input ports and provides the coupled power 

25 to an output port, via branch arms 564, 566. Such a 
coupler is described in an article entitled "GaAs 
Monolithic Lange and Wilkinson Couplers" by 
Raymond C. Waterman Jr. et al IEEE Transactions on 
Electron Devices, Vol. ED-28, No. 2, February 1981. 

30 Theoutputofthethreeportcoupleriselectrically 
connected to an output port 570. Capacitors 518, 526, 
544, 552a, 552b 527a and 527b are here formed in a 
similar manner, as explained for capacitor526. 
In operation, an input signal fed to transmission line 

35 512 is coupled to each gate electrode 532a, 532b. Such 
signal is coupled to one of the drain electrodes 536a, 
536b selectively in accordance with the control signals 
fed on lines 29i2a,29i2a to the control gate electrodes 
534a, 534b. If the input signal jn response to such 

40 control signals oh lines 29i 2a , 29i 2tt is coupled to drain 
electrode 536a, the phase of such signal is shifted by 
an amount cpi + A<J> a through transmission line 554a. 

Conversely, the electrical path from drain electrode 
536b to the coupler 560 provides a pathlength 

45 corresponding to a phase shift of (J>1. Thus, if in_ 

response to the control signals on lines 29i 2a , 291^, the 
input signal is coupled to drain electrode 536b, the 
phase of such signal at the output 570 is shifted by an 
amount of <!>i through transmission line 553. Thus,a 

50 phaseshiftofaninputsignalof cpior^t + A<p a atthe 
output 570jsselected in response to control signals on 
lines 29i2a, 29i 2a . A plurality of such stages are cascade 
interconnected to form the phase shifter 40 (Fig. 5). 
Each stage has two paths which correspond to phase 

55 shifts of an inputsignal of <h through one path an 
amount (J>-| + A<J> { through the second path where i is 
thenumberofthestag .For, four cascade intercon- 
nected stages, th phase shift A<J> { for each stage is 
h re A<t> a = 1 80°, A<p b = 90°, A<t> c = 45° and A<p a = 22.5°. 

60 Referring again to FIG. 5, with like parts in each 
stage being designated by the same numeral, the 
active nonreciprocal phase shifter 40 used to produce 
an output signal at port 570d having a predetermined 
phas shift relative to an input signal on transmission 

65 line 512 includes four cascaded interconnected phase 



shifter stages 40a-40d, as shown. Each phase shifter 
stag 40a-40dr alized in accordance with Figs. 6-8, 
selectively provides a unique phase shift to an input 
signal of A(p a = 180°, A(p b = 90°, A$ c = 45° and A<J> d = 

70 22.5°, respectively. Each phase shift stage includes a 
unique length of transmission line between output 
matching circuit 545a and thethree port coupler 560. 
Each length of transmission line, in conjunction with 
the length of transmission line 553, provides each 

75 stage with a unique pathlength difference correspond- 
ing to the unique phase shift. In respojise to control 
signals on lines 2912^-29^, and 29i 2o -29i 2d selective 
combinations of phase shift increments of 0° or 180°, 
0° or 90°, 0° or 45° and 0° or 22.5° are provided by phase 

80 shifter stages 40a-40d, respectively ofcontro I signals 
fed by lines 29i2a to 29i 2d and 291^ to 29i 2d are 
represented by A to D and A to D, respectively. The 
phase shift <|> of an input signal through phase shifter 
40 may be represented by the following logical 

85 equation as: 

The phase shifter 40, thus, is used to vary the phase 
of a signal fed to transmission line 51 2 of stage 40a 
90 from 0 to 360° in here 22.5° phase shift increments. 
Referring nowto FIGS, 9A-9D transmission line 
sections 553 and 554a-554d used to provide unique 
incremental phase shifts forstages40c-40d respec- 
tively, of the phase shifter 40b shown in FIG. 5, have 
95 like parts being designated by the same numeral. The ' 
transmission lines 553 and 554a-554d are coupled to 
the input ports 565, 567 of thethree port coupler 560, 
having a thin film load resistor 562 and branch arms 
564, 566, and to a portion of the impedance matching 

100 networks 545a-545b, as shown. The transmission 
lines 554a-554d are formed on the semi-insulating 
substrate 41 by strip conductors 555a-555d and 557, 
respectively, and the ground plane 43, which is 
separated by a dielectric, here the semi-insulating 

105 substrate 41. Strip conductors 555a-555d and 557 are 
designed to provide the corresponding transmission 
lines 554a-554d and 553 each with a 50 ohm character- 
istic impedance. The transmission lines 554a-554d 
each have an electrical length equal to a correspond- 

110 ing precise fractional wavelength \J2 n , with respectto 
transmission line section 553, where is the 
wavelength of the nominal orcenterband operating 
frequency (f c ) for the active phase shifter n is the total 
number of stages. Thus, transmission linesection 

1 1 5 554a has a pathlength (A<J> a ) equal to XJ2 with respect 
to transmission line section 553. In a similar manner, 
the pathlengthsforsegments554b-554d with respect 
to transmission line 553 are XJ4, Ac/8, and KJ1 6. Thus, 
the transmission lines 554a-554d, with respectto 

120 transmission linesection 553, here represent path- 
length differences corresponding to a phase shift of an 
applied signal with r specttothe phase of such signal 
of 1 80°, 90°, 45° and 22.5°, respectively. 

Referring nowto FIG. 10, a dual channel phase 

1 25 shifter 44 having channels 47 and 49 which is suitable 
for use in the transceiver 12i" shown in FIG. 4 includes 
four one bit phas sh ifter stages (P. S. Stages) 44a -44d 
cascade i nterconnected togeth r, as shown. The dual 
channel phase shifter stages 44a-44d are here identic- 

130 al except forthe pathlength differences (phase shift 
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Increment) (Acp^) forming the phase shift networks of 
each stage. Each channel of the dual channel phase 
shifter provides one of two signal paths, such path 
being selected in resjpo ns_to control signals fed on 
5 lines 29123-291*, and 29i 2a -2d- Such paths provide either 
a phase shift of or a phase shift of $1 + A<fc where i is 
the number of the stage. The phase shift increment 
{A<|>i) for each of the four stages 44a-44d shown in FIG. 
1 0 are a = 1 80°, AcJ> b = 90°, 90°, A<J> C = 45° and A<p d = 

10 22.5°fbr stages 44a-44d, respectively as explained in 
conjunction with Figs. 9a-9d. 

Referring now to FIG. 1 1, an exemplary one of such 
phase shifterstages, here phase shifterstage 44a is 
shown. The phase shifterstage 44a includes FETs 

15 530a-530d each having a pair of gate electrodes 
532a-532d, and 534a-534d, a drain electrode 536a- 
536d, and a common source electrode 538. FET's 
530a-530d are here realized as a double pole double 
throw FET switch 530 of a type disclosed in U.S. Patent 

20 Wo. 4,313,126 filed May 21, 1979, and assigned to the 
assignee of this invention. Each of the FET's 530a-530d 
are here connected in a common (grounded) source 
configuration, as shown. Each FET 530a-530d is 
formed on the substrate 41 within close proximity to 

25 the other FET's 530a-530d, as shown. FETs 530a-530d 
are fabricated such that gains and phases provided to 
an inputsignal are substantially equal, as explained in 
conjunction with Figs. 6-7. 
The first phase shifter channel 47 includes a 

30 microwave transmission line 51 2, here coupled to the 
transceiver 12i" (Fig. 4), via transmission line 32a 
providing a signal inputfor the phase shifter stage 
44a. The microwave transmission line 51 2 is electrical- 
ly connected to an impedance matching circuit 513a 

35 previously described in conjunction with FIGS. 6-8. 
Matching circuit513 is electrically connected to the 
common input junction 532. lnputjunction532is 
coupled to input gate electrodes 532a, 532b of FET's 
530a, 530b, respectively. Signals fed on lines 29i 2a , 

40 29i2afromtheradarsystem11(Rg.1)arefedtothe 
second gate electrodes 534a, 534b for controlling the 
conduction of an input signal on input gate electrodes 
532a, 532bto the corresponding drain electrodes 
536a, 536b of FET 530a, 530b # respectively. High 

45 frequency signalcomponents on control signals fed 
on lines 29i2a, 29i 2a are shorted to ground by 
capacitors 527a, 527b. An input signal fed equally to 
input gate electrodes 532a, 532b is selectively cou- 
pled, to the corresponding drain electrode 536a, 536b, 

50 in accordance with the control signals on lines 29i 2a , 
29^ fed to the control gate electrodes 534a, 534b. The 
drain electrode 536a is electrically connected to an 
impedance matching network 545a as described in 
conjunction with FIGS. 5-7. The drain electrode 536b is 

55 similarly electrically connected to the impedance 
matching network 545b, as shown. The impedance 
matching network 545a is coupled here, the micro- 
wav transmissi n line 554a. In a similar manner, th 
impedance match ingn twork 545b is coupl d to the 

60 microwave transmission line 553a. Each second end 
of transmission lines 553a and 554a is coupled to th 
pairof input ports 565, 567 of the conventional three 
port coupler 560. 
Th second channel 49 of digital phase shifter stage 

65 44a includes microwave transmission line 512' cou- 



pled to transceiver 1 2i" (FIG. 4) via transmission line 
32g (Fig. 2) for providing the signal inputfor channel 
49.Themicrowav transmission iin 51 2' is electrical- 
ly connected to an impedance matching circuit 51 3' as 
70 previously disci sed in conjuncti n with FIGS. 5-7. A 
second matching circuit51 3' is electrically connected 
to a common junction 532'. Common junction 532' is 
electrically connected to input gate electrodes 532c, 
532d of FET's 530c, 530d. Control gates 534c, 534d of 
75 FET530c, 530d are electrically connected to gate 
electrode pads 524 and 527, respectively. The control 
gates534c,534darefedsignalson lines 29*26/29^ 
from the radar system 11 (Fig. 1)fbr controlling 
conduction of an inputsignal on in put gate electrodes 
80 532c, 532d to the drain electrodes 536cm 536d of FET's 
530a, 530b, respectively. Drain electrodes 536c-536d 
are electrically connected to impedance matching 
networks 545c-545d as disclosed in conjunction with 
FIGS. 6-8. Transmission lines 553' and 554', are 
85 coupled between the impedance matching networks 
545c-545d an d the three po rt coupl er 560'. The th ree 
port coupler 560' is electrically connected to output 
port 570'. 

The total pathlength difference of the connection of 
90 drain electrode 536a to the three port coupler 560, for 
channel 47 is then selected to provide a corresponding 
phase shift equal to <J>, 4- A a , as explained in 
conjunction with FIGS. 9a-9d. The total pathlength 
difference of the connection of drain electrode 536b to 
95 the three port coupler forchannel 47 is selected to 
provide a corresponding phase shift equal to <t>v Thus, 
the phase of a signal applied to the gate electrodes 
532a, 532b is shifted by an amount <pi + A4> a orc^ 
selectively in accordance with control signals fed to 
100 control gate electrodes 534a, 534b. In the same 

manner, transmission lines 553', 554a' provide path- 
lengths to channel 49 between drains 536c, 536d of 4>i 
+ A<J> a or<J>v 

Referring again to Fig. 10, the dual channel phase 

105 shifter44havingchannels47and49hasstages 

44a-44d, each stage providing a unique phase shift to 
an applied signal. Each channel provides selective 
combinations of phase shift increments A<f> a = 180°, 
Act> b = 90°, A<t> c = 45°, and A<J> d = 22^5° in response to 

1 1 0 control signals on lines 29i 2a -29i 2d ,29i 2a -29i 2d . 

Referring now to FIG. 12, the phase shifter stage 44a 
is shown, formed on a semi-insulating substrate 41 
having a ground plane 43 on one side thereof, as 
shown. A low inductance ground connection 537 is 

115 here made through the source electrode region 538. 
Parallel plate capacitors such as 526 are formed on the 
substrate 41 , as previously described in conjunction 
with FIG. 6B. Crossing signal paths are insulated one 
from another by conventional air gap plated overlays 

120 as described in conjunction with FIG. 6A. 

Referring also to FIG.5,thenetoverallgainforeach 
four bit phase shifter 40 and 44' is approximately 8 
decibels (db) or approximately 2 db per stage. Each 
stage contributes 3 db of loss from splitting of the 

125 input signal and another 3 db of loss due to power 
recombining atthe three port coupler 560. The total 
losses due to parasitic losses and the matching 
networks are less than 1 db. Allowing for substantial 
mismatch, a gain of approximately 8 db generally is 

130 realizable from a dual gate FET, operating at X-band, 
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for xample.Thus,anetgainof approximat Iy2db 
per stage or approximately 8 db for the phase shifters 
of FIG. 9and FIG. 12 is realized. Sine only four FETs, 
oneperstage,atanygiv n time are operating f reach 
5 phaseshifter,40,44thed.c.powerconsurnptionwill 
be four times that for one FET. 

Now referring to FIG. 13, an alternative embodiment 
for afourbit digitally controlled phase shifter 40' 
suitable for use in transceivers 1 2i and 1 2i' (Fig. 2 and 

10 Rg. 3) includes a first stage 40a' having a single pole 
four throw (SP4T) FET switch 1 330 and a second stage 
40b' having SP4T FET switch 1 370, as shown. The 
SP4T FET switches 1330and 1370are hereof a type 
disclosed in the above mentioned U.S. Patent No. 

1 5 4,313,1 26. Each stage 40a', 40b' is formed on a 
substrate {notshown), having a ground plane {not 
shown). 

The first stage 40a' of the four bit digital phase 
shifter 40' further includes FET's 1330a-1330d, as 

20 shown. FET's 1 330a-1 330d are fabricated such that 
gains and phases provided to an input signal are 
substantially equal, as explained in conjunction with 
Fig. 5-7. Each FET 1330a- 1330d, includes a input gate 
1332a-1332d, a control gate 1334a-1334d, drain elec- 

25 trades 1 336a-1 336d and a source region 1 338. FETs 
1330a-1330d are here connected in a common 
(grounded) source configuration. A low inductance 
ground connection is here made from the source 
electrode 1338 to the ground plane 43 (notshown) by a 

30 conventional via hole connection. 

A microwave transmission line 51 2, here having an 
impedance of 50 ohms iscoupled to an impedance 
matching ctrcuit513, as previously explained in 
conjunction with FIGS. 4-6. The impedance matching 

35 circuit iscoupled to input gate electrodes 1332a- 
1 332d. The drains 1 336a-1 336d are electrical ly con- 
nected to identical impedance matching networks 
545a-545d of a type previously described in conjunc- 
tion with FIG. 8. Impedance matching networks 

40 545a-545d are each coupled to a transmission line 
1320 having a characteristic impedance Zq, here 50 
ohms. Transmission line 1320 is terminated at one 
end in a resistor 1322, here having a value equal to 50 
ohms, the characteristic impedance of the transmis- 

45 sion line 1320. The resistor 1322 is coupled in shunt 
between the transmission line 1320 and ground. Drain 
electrode 1336d is electrically connected to the end of 
transmission line 1320 through the impedance to 
matching network 545d. Drain 1 336c of FET 1 330c is 

50 electrically connected to transmission line 1 320, 
through the matching network 545c defining a section 
of transmission line 1326, drain electrode 1336b of FET 
1330b is electrically connected to transmission line 
1 320 through the matching network 545b defining a 

55 section of transmission line 1324, and drain electrode 
1 336a of FET 1330a is electrically connected to 
transmission line 1320, through the matching network 
545a, defining a section of transmission line 1322. 
Here,allth transmission linesections 1322-1326 

60 have the same electrical length and thus each section 
shifts the phase of an appliedsignai by an equal 
am untThetotal phaseshiftof an outputsignal with 
respect to the phase of the input signal fed through 
transmission line 51 2 is the sum of the phase shifts 

65 provided by each of the equal electrical length 



transmission line sections 1 322, 1324 andl 326 of 
which the output signal passes throug ft fro ma 
selected one f the drain electrodes 1 336a-1 336d to 
the output port 1 331 . 
70 Inop ration, an input signal iscoupled rdecou- 
pled between the gate electrode 1332a-1332d and th 
corresponding drain eiectrode 1332a-1332d and the 
corresponding drain electrode 1336a-1336d selective- 
ly in accordance with control signals fed to control 
75 gate electrodes 1334a-1334don lines 29i 2a -29i 2d pro- 
vided by suitable modification of the radar system 1 1 
(Fig. 1 ). Signals on control lines 29i 2 a-29i :w are her 
logical control signals. One of such signals on lines 
29i2a-29i 2 d »s selected to be in an "on" state, while the 
80 remaining onesof such signals on lines 29i"2a-29i2d are 
placed in an "off" state, thus placing only one FET of 
the FETs 1 330a-1330d, in a conductive state and th 
remaining onesof such FET's 1330a-1330d, in a 
non-conductive state. Similarly the output signal from 

'85 the first stage is coupled or decoupled between th 
gate electrodes 1372a-1372d and the corresponding 
drain electrode 1376a-1376d selectively in response to 
control signals fed to control gate electrodes 1 374a- 
1 374d, via lines 29128-291^, as shown. 
90 In response to a control signal fed to one of the 
control gate electrodes 1334a-1334d the correspond- 
ing one of the FETs 1330a-1330d is placed in a 
conducting state, coupling the input signal on the 
input gate electrode of such FET, to the corresponding 
95 drain electrode of such FET. The remaining FET's of 
the FETs 1330a-1330d are held in a nonconducting 
state by control signals fed to remaining ones of the 
control gates 1334a-1334d. Thus, a signal coupled to 
the transmission line 132 from drain electrode 1336a 

100 will havea net phaseshiftof 3 A<J> with respectto 
phase of an input signal on drain electrode 1 336a, 
because the signal coupled from drain electrode 
1336a will pass throug rYthethree phase shift sections 
1322, 1324and 1326 of transmission line 1320 before 

105 arriving attheoutpufport 1330. Ina likemanner,a 
signal applied from the drain electrode 1 336b to 
transmissionjine 1320 will have a netphase of 2 A<p, a 
signal applied from drain electrode 1331c to transmis- 
sion line 1320 will have an incremental phaseshiftof 

1 1 0 A<J>, and a signal applied from drain electrode 1 336d to 
transmission line 1320 will have an incremental phase 
shift of 0° with respect the signal on drain electrode 
1336d. Thus by selective application of control signals 
fed to control gates 1334a-1 334d an incremental 

1 1 5 phase shift of 3 A<J>, 2 A<J>, Ac|>, of 0° may be obtained. By 
selecting the electrical length of each incremental 
phase shift (A4>) of the first stage equal to be 22.5°, a 
total phase shift of up to 67.5°is provided by the first 
stage. The phase shift provided by the matching 

1 20 network 545a-545d is the same for each drain elec- 
trode matching circuit and thus does not affect the 
differ ntial phase shift pr due d. 

The output of the first stage40a' is electrically 
connected to the input of the second stag 40b', as 

125 shown. Th second stage 40b' of the four bit digital 
phase 40* is identical to the first stage 40a' except for 
the electrical length of the transmission line 1320'. In a 
like manner, as discussed forthe first stage 40a', the 
second stage ofthe four bit digital phase shifter 40' 

130 has drain electrodes, here 1376a-1376d electrically 
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connected to a portion of a transmission line 1320'. 
The incremental phase shift of transmission line 1 320' 
is heresetto 90°. Thus,a total phase shift of 270° at the 
output 133 V is obtainable in the sec ndstag 40b'. 
5 This in combination with thefirststage 40a' having a 
total available phase shift of 67.5° provides the four bit 
digital phase shifter40', having a capability of 
providing a 360° phase shift, in 22.5° increments. 
Now referring to FIG. 14, a digitally controlled phase 

1 0 shifter section 50 suitable for use in the transceiver 1 2i 
(Fig. 2), by replacing T/R switches 18b, 18d and phase 
shifter 40, and for transceiver 12i" (Fig. 4) by replacing 
phase shifter 44, includes the single channel phase 
shifter40' of FIG. 13,and FET's 1410a-1410d. Each FET 

15 I410a-1410dhasasignalgateelectrode1412a-1412d, 
a control gate electrode 1 41 4a-1 41 4d, drain electrodes 
1416a-1416d, and source electrodes 1418a-1418d, as 
shown. FET's 1410a 1410d are connected in a common 
(grounded) source configuration. The signal gate 

20 electrodes 1412a, 1412b of FET's 1410a, 1410b are 
here coupled to thetransmission Iines32a and 32g of 
thetranceiver 12i (FIG. 2) respectively, through a pair 
of impedance matching circuits 513, as described in 
conjunction with FIG- 5. Each drain electrode 1416a, 

25 1416b is coupled to the phase shifter40' via transmis- 
sion line 1420. The output of the phase shifter 40' is 
coupled to the input gate electrodes 1412c, 141 2d of 
FET's 1410c, 1410d, respectively, via transmission line 
1422 and impedance matching circuit 51 3. The drain 

30 lectrodes 1416c, 1416d are coupled to transmission 
lines 32h and 32d, respectively, of the transceiver 12i 
(FIG. 2). In operation, one of a pair of input signals fed 
to the signal gate electrodes 1412a, 1412b of input 
channels 1430, 1432 is selectively coupled to the 

35 corresponding drain electrodes 1416a, 1416b in re- 
sponse to signals fedto control gate electrodes 1414a, 
1414bon lines 29i,, 29i t . Such selectivelycoupled 
signal is fed to the phase shifter 40' and the phase of 
such signal is shifted in response to control signals 

40 29i2a-29i2h as previously described. One of the pairs of 
outputchannels 1434, 1436 is selected, by signals on 
lines 29h, 29i, fed to control gates 1414c, 1414d.The 
phase shifted signal, is coupled to the input gate 
electrodes 1 41 2c, 1 41 2d of FETs 1 41 0c, 1 41 Od. The 

45 phase shifted signal fed to each of the input gate 
electrodes 141 2c, 1 41 2d is coupled to one of the drain 
electrodes 1416c, 1416d selectively in response to 
control signals on lines 29i v 29h fedto control gates 
1414c, 1414d, respectively, as previously explained. 

50 The signal on the selected one of the drain electrodes 
1416c, 1416d is coupled to transmission lines 32h 
during the receive mode or32d of the transceiver 12i 
(FIG. 2) during the transmit mode. 
Assuming one milliwatt of power con sumption per 

55 FET, the power consumption of the phase shifter 50 is 
four milliwatts since four FETs are conducting at the 
sametim .Two FETs of the four reciprocating 
switches conductand one FETin ach of stages 40a' 
and 40b' (FIG. 13) conducts, during operation of the 

60 phaseshift r. The net overall gain for the phase shifter 
section 50 is approximately 4 db. This assumes a 6 db 
loss due to input signal division into the four chann Is, 
FET's 1330a-1 330d of phase shifter stage 40a' (FIG. 13} 
and 6db of loss due to input signal division for stage 

65 40b' (FIG. 13). In addition, there is a loss of3 db in each 



stag (40a', 40b') attributable to the terminating 
resistors 1 322 fortransmission lines 1320 and 1320' 
(Fig.13),andth reisal ss of 1 db per stage du to 
parasiticsand the matching circuits. These losses are 
70 partially compensated for by a minimum of 8 db gain 
for each FET resulting in a net lossof at most 2 db per 
stage. Moreover, the FET switches 141Oa-1410d con- 
tribute 16dbof gain (8 db per switch, two switches 
active at one time). This gain is reduced, however, by 3 
75 db due to signal division into the two channels of FETs 
1410a, 1410d and 1 dbdueto parasitics and the 
matching circuits. Thus, the net gain forthe phase 
shifter 50 is approximately 4 db. 
Referring now to FIG. 1 5, an alternative embodi- 
80 mentof an phase shifter 40" suitable for use in 

transceiver 1 2i (Fig. 2) and 12i' {Fig. 3), includes a first 
phase shifter stage 40a", a second phase shifter stage 
40b", and a third phase shifterstage 40c" cascade 
interconnected, as shown. Each phase shifter stage 
85 40a" 40b" and 40c" issimilarto the digitally 
controlled phase shifter stage 40a described in 
conjunction with FIGS. 6-8. Phase shifter stage 40a" is 
here used, however, to provide a variable continuous 
phase shift between 0° and 90°. Phase shifting stage 
90 40b' is used to produce a phaseshift of 4> = 0° or a 
phase shift of Q = 90°, and phase shifter stage 40c" is 
used to produce a phase shift of <p = 0* or<|> = 180°. The 
cascade interconnection of phase shifter stages 40a", 
40b" and 40c" provides the phase shifter 40" which is 
95 capable of varying the phase of an input signal 
continuously over the range of 0°to 360°. 

Referring also to Fig. 16-Fig. 17, an exemplary one of 
the stages 40a"-40c" here 40a" is formed on the 
substrate41 having aground plane43.The phase 

1 00 shifter stage 40a" is coupled to transmission line 32b 
of the transceiver 1 2i (FIG. 2). The phase shifter stage 
40a" includes a transmission line 512 coupled be- 
tween the input matching network 51 3 as explained in 
conjunction with FIG. 5 and thetransmission line 32b 

105 oftransceiver12i (FIG. 2). The matching network 513 is 
coupled to input gate electrodes 532a, 532b of a pair of 
FET's 530a-530b, as shown. FETs 530a-530b further 
include control gate electrodes 534a-534b, source 
electrodes 538a-538b, and drain electrodes 536a- 

110 536b. FETs 530a-530b are fabricated, such that gains 
and phases provided to an input signal fed to the input 
gate electrodes 532a, 532b are substantially equal at 
the drain electrodes 536a, 536b, as explained in 
conjunction with FIG.6. FETs 530a-530b are here 

115 connected in a common (grounded) source configura- 
tion, as shown.The control gate electrodes 534a-534b 
* are fed voltage level control signals on control lines 
29i 3a ,29i 3b .The radarsystem (Fig. 2) provides the 
control signals on lines 29i3a, 29i 3 b (not shown in Fig. 

120 2).The levels of such signals on the control lines 29i 3a , 
29i 3b are used to control the operating point of each 
FETand hence the amplitude of signals coupled to the 
drain lectrod s 536a, 536b. The drain electrodes 
536a, 536b are electrically connected to capacitor 544 

125 and impedance matching networks 545a, 545b as 
d scribed in conjunction with FIGS. 6-8. In the 
preferred mbodiment of the invention, the impe- 
dance matching networks 545a, 545b are electrically 
connected to a conventional four port or quadrature 

130 coupler 1560. Such a coupler is described in an article 
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entitled "GaAsM nolithicLangeandWilkins nCou- 
pl rs"byRaym nd C. Waterman, Jr. et al, IEEE 
Transactions on Electron Devices, Vol, ED-28, No. 2, 
February 1981 . A quadrature coupler is her used to 

5 couple input signals on each input fthe coupler, in 
quadratures© the output. In other words, the phase of 
the input signal drain electrode 536b as couple to the 
output 1 570of the coupler will lag the phase of the 
input signal from drain electrode 536a as coupled to 
10 the output 1 570 ofthe coupler by 90°. 

Thus, unlike prior embodiments ofthe invention 
where signalsfed to the control gate electrodes 
534a-534b are complementary pairs of control sig- 
nals, such signals provided to place an FET in an 

15 off-state oran on-state, the signals fed on lines 29i3a, 
29i 3b to the control gate electrodes 534a, 534b, here 
are selectable voltage levels between pinchoff and 
zero volts "on" levels of such FET. 
An output voltage signal V m when measured atthe 

20 drain electrode, of an inputsignal Vj fed to the input 
gate electrode is given as: V| = A 0 e iut , is V 0 = 
g^d^+iw for embodiments disclosed in conjunc- 
tion with RGS. 5-14 where B is the gain and iJj is the 
phase provided to the" inputsignal by the FET. 

25 However, if the control signals on lines 291^ 291^ fed 
to the control gates 534a-534b provide voltage level 
signals which change the operating point ofthe FET 
between the off state and the on state, the FETs 530a, 
530b no longerfunction as switches, and, instead the 

30 FETs 530a, 530b function as variable gain amplifiers. 
When the output voltage V D (A) ofthe FET 530a is a 
function ofthe control gate voltage V f0 » fed to control 
gate 534a, the portion ofthe output voltage V ot atthe 
output ofthe coupler 1 560 from the voltage is 

35 given as: V 0 = BaAo^*****, where B A is the 
gain of FET 530a as a function of 
the control gate voltage, A<f> n isthe phase 
shift corresponding to the pathlength between the 
drain electrode ofthe n* FET and the output ofthe 

40 coupler 1 560. The output voltage of FET 530a and FET 
530b may be represented as : 



Vq (a), Vo CB) 



Since the quadrature coupler 1 560 combines the 
two input signalsVo^andVo^in quadrature, the 
output voltage atthe coupler 1 560 may be repre- 
45 sented as: 

V «■ V -iv ^ or 

which may be simplified to: 



where B* 



(B A 2 + B B 2 )Y 



Thus, the phase of an input signal V { {Fig. 1 5) is shifted 
in accordance with the ratio of the amplitudes V^, 
V 0 (B) of such inputsignal as coupled to each drain 
50 electrode 536a, 536b coupled in quadrature to pro- 
vide the signal (Fig. 15) at the output of the 
quadrature coupler 1560. 

Thus by selecting the relative values of and B 2 
any phase between 0 and jt/2 may be realized. Since 



55 only the ratio of B t and B 2 determines the phas , it is 
p ssible to keep B' hence the overall gain ofthe stage 
40a" substantially constant. This is accomplished by 
separately adjusting the values of and B 2 . This 
provides an additional flexibility of amplitude control 

60 along with phase adjustment. 

As an example, for a minimum phase shift incre- 
ment of 7r/1 6, the values of Bi and B 2 which will yield 
all eight phase shift increments between 0 and a/2 
with substantially constant amplitude B' are given in 

65 the Table below. 

TABLE 



] Phase 
I Shift 



T 



T 

I *716 

I 3r/16 
I *M 
I 3»/16 
I 3*/8 
I 7»A6 
I »/2 
I 



1.000 
0.9BI 
0.9Z4 
0.832 
0.707 
0.556 
0.383 
0.195 
0 



O 

0.195 
0.383 
0.556 
0.707 
0.832 
0.924 
0.981 
1.000 



where a 
bxB* - Bi 



The minimal phase shift increment provided by the 
variablephase shift stage 40a"is limited only bythe 
degree of control ofthe voltage applied to thecontrol 
gate electrodes 534a-534b of FET 530a-530b of phase 

70 shifter stage 40a". 

Phase shift stage 40a" is cascade interconnected to 
phase shift stage 40b", as shown. The phase shift 
stage 40b" is identical to phase shift stage 40a". The 
only difference between the stages 40a" and 40b", is 

75 the techniquefor producing the phase shift. A phase 
shift of 0° or 90° provided by phase shifter stage 40b" 
is determined by controlling which FET 530a-530b is 
biased in the on state, as previously described in 
conjunction with Figs. 6-8. 

80 Phaseshift40c"stageissirnilarto phase shift stage 
40a" exceptfor the inclusion of an additional 90° of 
pathlength difference such as transmission line 
section 554b (Fig. 9b) coupled between the impe- 
dance matching network 545a and the coupler 1 560. 

85 Referring nowto FIGS. 18-19, bidirectional switch 
18a having a first branch port 19a coupled to 
transmission Iine32a (Fig. 2), a second branch port 
21 a, coupled to transmission Iine32h (Fig. 2), and a 
common port 20a coupled to transmission Iine33i, 

90 (Fig. 2), is shown.The bidirectional switch 18a is 
formed on the substrate 41 , having the g round plane 
43 formed on the bottom surface of substrate 41 , as 
shown. FETs50a-50b are formed on a portion ofthe 
substrate 41 . In the preferred embodiment, FETs 50a, 

95 50b include a plurality of FET cells, each cell having a 
reactive component (C") coupled between the drain 
and source electrode of each cell as shown in Fig. 20. 
A network, here the FET 50a isformed interconnect- 
ing each one of such drain electrodes of each FET cell. 
100 Such network is formed having a characteristic 
impedance equal to th characteristic impedance of 
the transmission line sections 58a, 58b, her 50 ohms. 
The netwo rk is formed as fol lows : a length (d) of a 
microstrip conductor 59 having a distributed induct- 
105 anceperunitl ngth(L u ) and a distributed capaci- 
tance per unit length (CJ ischosen such that when 
coupled between the cells f each FET it will provide 
such network with the predetermined characteristic 
impedance given as: 7^ = (L U (C L + 2 (C"/d))) 1/2 . The 



to 
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bidirectional switch further includes a pair of trans- 
missi n lines 583-585, each having a el ctrical length 
substantially equal to one quarter of a wavelength 
where Ac is the wavelength of the nominal 
5 operating frequency forthe circuit. The first drain 
electrode 54a of FET50a is coupled between the first 
branch port 19a and to one end of transmission line 
58a. The transmission line 58a is coupled between the 
branch port 19a and thecommon port 20a. A drain 

1 o electrode 54b of a second FET 50b is coupled to the 
second branch port 21a, and one end of the transmis- 
sion line 58b. The other end of the transmission line 
58b is coupled to the common port 20a. The sources 
56a-56b of FET50a-50b are electrically connected to 

1 5 ground. The gate electrodes 52a-52b ofFET's 50a-50b 
are electrically connected to control lines 29i 1f 29i v 
and arefed complementary signals on such lines. 

TheT/R switch 18a is used to couplea signal on 
transmission line 33i of the transceiver 1 2i (Fig. 2) fed 

20 to the common pa rt 20a to one of the branch ports 1 9a 
or21 a in accordance with a pair of complementary 
control signals on lines 29i 29i v fed to gate 
electrodes 52a, 52b. TheT/R switch 18a couples an 
input signal from com mon port 20a to branch 

25 port19a, as follows: the control signal on line 29^, is 
fed to the gate electrode 52a of FET 50a, placing FET 
50a in a nonconducting state; correspondingly, the 
control signal fed on Iine29i 1 is applied to the gate 
electrode 52b of FET 50b placing FET 50b in a 

30 conducting state; by placing FET 50b in a conducting 
state, a short circuit ©{low impedance path to 
ground) is produced at the end 58b' of transmission 
line 58b coupled to the drain electrode 54b; one 
quarter of a wavelength from this point (at the second 

35 end of transmission line 58b) the short circuit at the 
first end appears as an open circuit@(high impe- 
dance) to a m icrowave frequency signal having a 
wavelength substantially similarto the wavelength of 
the corresponding centerband frequency of opera- 

40 tion forthe bidirectional switch 18a. The transmission 
line 58a and the open circuit resulting from FETSOa 
being in a nonconducting state, appears as a 50 ohm 
transmission line atthe common port side 58a' of the 
transmission line 58a. Thus, a signal on common port 

45 20a is coupled to the branch port 19a. In a similar 
manner, by changing the state of the_complementary 
pair of control signals on lines 29i 1# 29h, a microwave 
frequency signal on common port 20a may be 
coupled to the branch port 21a. 

50 Having described preferred embodiments of the 
invention, it will now become readily apparentto 
those of skill in the art that other embodiments 
incorporating the invention may be realized, it is felt, 
therefore, that this invention should not be limited to 

55 the disclosed embodiments but rathershould be 
limited only to the scope of the appended claims. 

Matter described hereinbefore is described and 
claimed in co-pending patent application No. 
8305509 from which the present application is 

60 divided. 
CLAIMS 

1. A transceiver elementforcoupling transmitted 
and received electromagnetic energy b twe n a pair 
of terminals comprising: means for providing gain 
65 and a selected phase shift to both transmitted and 



received electromagnetic energy passing there- 
through; and means for directing transmitted and 
receiv d electromagnetic energy in the same direc- 
tion through said gain and phase shift means. 
70 2. Atranscefverelementacc rding to claim 1, 
wherein the directing means provides a pair of signal 
paths between the pair of terminals of the transceiver 
element 

. 3. A transceiver elementaccording to claim 2, 
75 wherein there is provided a transmitter amplifier and 
a receiver amplifier; and wherein a first one of such 
paths is a transmission path and in such path is 
disposed the transmitter amplifier and a second one 
of such paths is a receiving path and in such path is 
80 disposed the receiver amplifier. 
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